The effect of water activity (a,) We recognize a number of factors that influence an organism's resistance to heat. Among these are the pH of the medium in which the organisms are heated, the physiological age of the organisms, the composition of the medium in which the cells are grown before heating, and the nature of the heat itself, i.e., moist or dry heat. The fact that moist heat is a more efficient lethal treatment than dry heat is generally appreciated. However, the response of various bacteria to the application of dry heat has not been studied in depth. This facet is taking on more importance with the increasing concern about the presence of certain public healthrelated microorganisms in food products.
The high sensitivity of salmonellae to moist heat is widely accepted. It has been documented numerous times that the milk pasteurization treatment is sufficient to kill even exceedingly large numbers of salmonella cells. Recently, Ng and co-workers (5) We recognize a number of factors that influence an organism's resistance to heat. Among these are the pH of the medium in which the organisms are heated, the physiological age of the organisms, the composition of the medium in which the cells are grown before heating, and the nature of the heat itself, i.e., moist or dry heat. The fact that moist heat is a more efficient lethal treatment than dry heat is generally appreciated. However, the response of various bacteria to the application of dry heat has not been studied in depth. This facet is taking on more importance with the increasing concern about the presence of certain public healthrelated microorganisms in food products.
An increase in the heat resistance of bacterial spores as the water activity (a,) of the environment was decreased was reported by Murrell ' Published with the approval of the Director of the Research Division, College of Agricultural and Life Sciences, University of Wisconsin.
and Scott (4) . They found that the heat resistance of spores from six test species was at a maximum at a, levels between 0.2 and 0.4. The magnitude of the increase in heat resistance of the spores as the aw was reduced varied greatly among the six organisms.
Relatively little information describing the effect of reduced a, levels on the heat resistance of nonsporeforming organisms is available. Calhoun and Frazier (1) reported that Pseudomonas fluorescens and Escherichia coli had an increased resistance to heat when glucose was added to reduce the a, of the medium in which the cells were heated. Similarly, the heat resistance of Staphylococcus aureus was increased when the a, of the test medium was decreased by the addition of NaCl. The heat resistance of P.
fluorescens and E. coil was also increased by growing the organisms in media having a reduced a, level before heating them in fresh media at the same aw. This study was undertaken as a part of an investigation of the behavior of salmonellae in dry and semi-dry environments. One of the principal objectives was to measure the influence of a, on the heat resistance of salmonellae and to establish or negate a direct correlation be- Preparation of solutions at specific aw levels. All test solutions were prepared in 0.01 M phosphate buffer at pH 6.9 i 0.1. The concentrations of sucrose and glycerol necessary to achieve the desired a, levels were derived from the data of Scott (8) . Fructose and sorbitol solutions were prepared by the method of Norrish (6) .
RESULTS
The data summarizing the heat resistance of eight strains of Salmonella and a single strain of E. coli in sucrose solutions at 57.2 C and pH 6.9 i 0.1 are shown in Table 1 . In a separate series of experiments, salmonellae were introduced into a sucrose solution at an a, of 0.90. This solution was held at room temperature for 3 hr. Viable counts at the end of this period indicated that this brief exposure to reduced a, levels in itself was not significantly lethal to Salmonella.
It is quite obvious that a reduction in the a, of the environment in which the cells are heated results in an increase in the heat resistance of salmonellae. It is also apparent that the magnitude of the increase in heat resistance varies from strain to strain. From these data, it is possible to place the salmonellae into groups with resp2ct to their heat resistance in sucrose solutions. The "heat-sensitive" group would consist of S. infantis and S. tennessee. Although both of Table 3 . It is clear that fructose does not afford significant protection to cells and resembles glycerol in this regard. On the other hand, sorbitol is protective but not to the same extent as sucrose. The D value of 5.5 min is about one-third of that obtained when S. montevideo was heated in a sucrose solution at an a, of 0.96. This is further evidence that the survival of salmonellae during heating is a function of the composition rather than the a, of the environment. The implications of these data are clear. That is, the heat resistance of salmonellae in solutions having a reduced a, (at least within the range of a, levels covered in this study) cannot be inferred from data collected from tests conducted in a single medium but must be determined experimentally on a controlling substance basis. These observations and conclusions pertain only to solutions at an a, > 0.75. It is entirely possible that, as the a, is reduced further (e.g., in some dry food products), the controlling substance may be of little or no consequence. The data collected in the present study do not permit any conclusive statements regarding the behavior of salmonellae in those environments. Further, these data show that time-temperature treatments that are to be established for individual substances must be derived from laboratory trials using the substance in question.
Calhoun and Frazier (1) reported that growth of E. coli at reduced a, levels (as controlled by NaCl) afforded the organisms greater protection when heated in solutions in which the a, was lowered by the addition of sodium chloride. P. fluorescens was similarly protected when grown in broth containing glucose to decrease the a,. In contrast, the heat resistance of staphylococci was not affected by prior growth at reduced a, levels.
S. montevideo was grown in nutrient broth containing 10% glycerol (aw = 0.977). These cells were then heated in phosphate buffer containing glycerol (aw = 0.96). An average D value of 5.6 min was obtained for cells treated in this manner. Comparing this value (D = 5.6 min) with that (D = 1.2 min) of cells grown in nutrient broth and heated in glycerol at an a, of 0.96, it is apparent that the heat resistance was increased by prior growth at a reduced a,,,.
When the same experiment was performed substituting sucrose for glycerol in the growth and test medium, somewhat different results were obtained. There was no increase in the heat resistance of the cells grown in the presence of sucrose, and, in fact, the average D value (D = 11.7 min) was slightly lower than that evidenced by the nutrient broth-grown cells (D = 15.9 min). Therefore, it would seem that the mechanism of action of the two carbohydrates is not identical. Work is currently in progress to elucidate further the mechanisms of protection by these and other substances.
These findings are significant in that an investigator who is seeking to determine the heat resistance of salmonellae (or other organisms) in a given environment should be aware that prior growth conditions can markedly influence the results of such determinations. Efforts should be made to select a growth medium that will confer upon the organisms the greatest chance for survival lest the processing schedule derived from the laboratory data prove inadequate for its task.
During the course of this work, we had occasion to wash nutrient broth-grown cells and compare the heat resistance of the washed cells with unwashed cells when both were heated in sucrose solutions. Finally, an insight into the mechanism of protection by various substances may be gained from these observations. Although these experiments are only preliminary in nature, there are indications that more than one mechanism exists. Work is continuing along these lines in an effort to achieve a greater understanding of the effect of heat on microorganisms.
